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Abstract: The in vitro effectiveness of 15 potential biofumigant species belonging to genera 
Sinapis, Diplotaxis, Cardaria, Brassica, Eruca, Lepidium, Armoracia, and Erucastrum, has 
been tested to inhibit mycelial growth of Phytophthora cinnamomi, the main biological agent 
causing Quercus root rot in oak-rangeland ecosystems in southern Spain. The above-ground 
parts of the selected plants were harvested, frozen and lyophilized. Cultures of the pathogen 
were exposed to volatile compounds released by the rehydrated plant material at different doses. 
Plants belonging to Diplotaxis, Armoracia and Brassica genera reached a total inhibition of the 
mycelial growth, showing a fungicidal action against the pathogen. A high degree of inhibition 
(> 80%) was also obtained with Lepidium, Eruca, Erucastrum and Sinapis, but these plants only 
exhibited a fungistatic action. Two species whit different glucosinolate profiles, Diplotaxis 
erucoides (rich in Sinigrin) and Lepidium sativum (rich in aromatic GSLs), were tested to check 
their ability to reduce the viability of the pathogen in the soil. For soil experiments, natural soil 
from a rangeland was artificially infested with resistant spores of P. cinnamomi (650 
chlamydospores per gram of dry soil) and transferred to plastic containers containing the 
biofumigant materials. All containers were incubated at 25º C in the dark. After 1 day, 4 days or 
8 days of incubation, soils were analysed by plating soil-water suspensions in selective NARPH 
medium and resulting P. cinnamomi colonies counted. Diplotaxis erucoides was the most 
effective biofumigant, significantly decreasing the viability of resistant spores of P. cinnamomi 
in soil. Plants containing high levels of the aliphatic GSL Sinigrin should be considered as 
potential biofumigants to be used in infested soils in order to prevent the oak root disease. 
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Introduction 
 
Dehesas are seminatural rangeland ecosystems constituted by scattered trees, mainly 
evergreen oaks and livestock, created and maintained by humans (Scarascia et al., 
2000). At dehesas located in southern Iberia, dominant tree species are Holm oak 
(Quercus ilex L. ssp. ballota (Desf.) Samp.) and cork oak (Quercus suber L.), obtaining 
their main incomes as cork and acorn production, a high valuable food resource for 
livestock and wildlife. 
Nowadays, oak trees in dehesas are threatened by different causes, highlighting the 
root disease caused by Phytopththora cinnamomi Rands (Sánchez et al., 2006). Since 
the beginning of the 90’s a severe decline affecting Quercus species was reported as 
associated with the root rot caused by the oomycete P. cinnamomi (Brasier 1996; 
Sánchez et al., 2002; 2006), causing the loss of thousands of trees every year (Romero 
et al., 2007a).  
The presence of trees as keystone structures and the ecological production of 
dehesa ecosystems, make necessary to look for environmental friendly control methods 
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against P. cinnamomi as biofumigation is. Biofumigation refers to the suppression of 
soilborne pest, weeds or pathogens by biocidal compounds released in soil when 
glucosinolates (GSLs) are hydrolysed (Kirkegaard et al., 1993). GSLs are one of the 
most characteristic secondary metabolites produced by plants belonging to the order 
Capparales. GSLs are not bioactive until they have been enzymatically hydrolysed to 
various breakdown products (isothiocyanates, nitriles, thiocyanates, epithionitriles, 
oxazolidine-2-thiones, and epithionitriles) by the endogenous plant enzyme Myrosinase 
(Thyoglucoside glucohydrolase, E.C.3.2.1.147) (Kirkegaard et al., 1993; Halkier & 
Gershenzon, 2006). 
The aims of this work were: i) to test different potential biofumigant species for 
their in vitro effectiveness against P. cinnamomi, and ii) to test a selection of 
biofumigants effective in vitro for their biofumigant activity in soil. 
 
 
Material and methods 
 
Plant material and glucosinolate analysis 
Fifteen potentially biofumigant species were selected for their known high content in 
GSLs (Sarwar et al., 1998; Li & Kushad, 2004; Williams et al., 2008; Kim & Ishii, 
2013; de Haro et al., 2013) to carry out the in vitro experiments: Armoracia rusticana, 
Brassica carinata, B. juncea, B. nigra, B. rapa, Cardaria draba, Diplotaxis erucoides, 
D. virgata, Eruca sativa, E. vesicaria, Erucastrum sp., Lepidium sativum, Sinapis alba, 
Sinapis arvensis and S. flexuosa. All plants were cultivated under Mediterranean climate 
conditions in an experimental orchard at the Institute of Sustainable Agriculture 
(Córdoba, Spain). For the different experiments performed, the above-ground parts of 
selected plant species were harvested, washed, frozen and lyophilized. 
GSL composition for each species was determined by HPLC according to Font et al., 
2005. 
 
Oomycete material 
All experiments were carried out using one isolate of P. cinnamomi (PE90), isolated 
from Quercus ilex ssp. ballota (Sánchez et al., 2003) and previously characterized as 
belonging to the most aggressive population of the pathogen in southern Spain and also 
exhibiting the highest value of mycelial growth rate (Caetano et al., 2009). 
 
Effect on mycelial growth 
Agar plugs (6 mm diameter) taken from the edge of P. cinnamomi colonies actively 
growing in CA (carrot-agar) medium (25º C, 4 days of incubation in the dark) were cut 
and transferred to the centre of Petri dishes (9 cm diameter) containing fresh CA 
medium and immediately placed as lids of plastic beakers (internal upper diameter 9 
cm; high 120 mm; 0.4 L in volume) containing each biofumigant plant matter. Dry 
ground matter plus the needed weight of deionised water to complete the equivalent to 2 
g or 5 g of fresh matter were prepared, including a dose zero as control. Beakers were 
hermetically sealed with Parafilm® (Pechiney, Chicago, USA) to avoid the occasional 
loss of volatiles released. Four replicates were prepared per plant species and dose of 
each biofumigant. 
Radial growth of the colonies was daily measured until the control colonies covered 
the whole surface of the plates. ANOVA was performed for these maximum growth 
rates and mean values were compared by the Tukey´s HSD test for P<0.05 (Steel & 
Torrie, 1985). Then, plates were removed from the beakers, covered with a new sterile 
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Petri dish lid and incubated for 1 week at 25º C in the dark, in order to check the ability 
of the colonies to continuing growing after exposition to the volatiles released by the 
biofumigants.  
 
Soil experiments 
Natural clay-soil, free of P. cinnamomi and taken from a rangeland in southern Spain, 
was sieved (2 mm pore size), air dried, and artificially infested with resting spores of P. 
cinnamomi (isolate PE90). 
Inoculum for soil infestation consisted on a water suspension of chlamydospores 
prepared as follows: the isolate was plated in Petri dishes (90 mm diameter) containing 
carrot broth (20 ml per plate) and incubated at 25º C in the dark. After 1 month of 
incubation, the liquid medium was filtered in sterile conditions and the mycelium 
obtained was washed, added to sterile water and shaked in a mixer for 3 min in order to 
break mycelium aggregates and obtain chlamydospores. Aliquots were taken from the 
homogeneized suspension, and chlamydospores counted in a Neubauer chamber (0.1 µl) 
(Romero et al., 2007b). Chlamydospore concentration was adjusted to 1.5×104 per ml of 
water suspension and the inoculum was added to the soil to obtain a concentration of 
650 chlamydospores per g of dry soil, and then carefully homogeneized. 
Selected biofumigants at the minimum dose effective at in vitro experiments 
(lyophilized matter equivalent to 2 g of fresh material) were placed at the bottom of 250 
ml plastic containers, and a dose 0 was also prepared as control. Then, 225 ml of 
infested soil was poured into each container and hermetically closed. All containers 
were incubated in growth chamber (25º C 12 h, 16º C 12 h) in the dark. Soils were 
sampled after 0, 1, 4 or 8 days of incubation. Different containers were prepared per 
incubation time, biofumigant tested and dose, and each experiment was repeated four 
times. For sampling, soils were air dried at room temperature and aliquots of 10 g of 
soil were suspended in 100 ml of water-agar 2%, homogenized, and 1 ml aliquots of the 
soil-water-agar suspensions were plated on selective NARPH medium, preparing 20 
plates per sample (Romero et al., 2007b). Plates were incubated at 25º C in the dark and 
the P. cinnamomi colonies obtained were identified and counted after 4 days of 
incubation. ANOVA was performed with data (colony forming units -cfu- per gram of 
dry soil) converted to [(cfu×g-1) + 0.5]1/2 and mean values compared by the Tukey´s 
HSD test for P<0.05 (Steel & Torrie, 1985). 
 
Results and discussion 
 
GLS profiles 
GSL profiles of the 15 potential biofumigant species tested are in Table 1. Based on the 
chemical nature of their main GSLs, plants could be divided in two groups: a first group 
of plants with high content in aromatic GSLs: S. alba, S. arvensis, S. flexuosa and L. 
sativum; and a second group with high contents in aliphatic GSLs: D. virgata and B. 
rapa (subgroup rich in Gluconapin), C. draba, E. vesicaria, E. sativa and Erucastrum 
sp. (subgroup rich in Glucoraphanin), D. erucoides, A. rusticana, B. carinata, B. juncea 
and B. nigra (subgroup rich in Sinigrin).  
These GSLs profiles are in good agreement with previous analyses of the same 
species (Kirkegaard & Sarwar, 1998; Sarwar et al., 1998; Li & Kushad, 2004; Williams 
et al., 2009; de Haro et al., 2013; Kim & Ishii, 2013). 
 
Chlamydospore viability in soil 
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Two plant species were selected on the basis of their high biofumigant effectiveness 
obtained at the in vitro experiments, and their different GSL profiles. On this way, D. 
erucoides was selected as representative of the high Sinigrin group (D. erucoides, A. 
rusticana, B. carinata, B. juncea and B. nigra). In fact, for D. erucoides, Sinigrin 
represents near the 100% of its GLS profile. Lepidium sativum was chosen as 
representative of the high aromatic-GSLs group (S. arvensis, S. flexuosa, L. sativum, 
and S. alba), because of its high content (near 100% of total GSLs) in Glucotropaeolin 
(Williams et al., 2009). 
Data about the viability of P. cinnamomi chlamydospores in soils exposed to the 
biofumigants tested are in Table 3. After 4 and 8 days of incubation, ANOVA showed 
significant differences in the viability of P. cinnamomi chlamydospores in soils exposed 
to biofumigants in comparison with the control soils. Diplotaxis erucoides significantly 
decreased the average number of viable chlamydospores in soil after 4 days of 
incubation, whereas L. sativum needed 8 days to reach significant values of inhibition. 
At that time (8 days of incubation) D. erucoides remained significantly more effective 
in soil than L. sativum. 
 
Table 3. Average number and standard error of viable P.cinnamomi chlamydospores (cfu×g-1 of 
dry soil) after exposure of infested soil to volatiles released by biofumigants. For each column, 
values with different letters differ significantly according to the Tukey´s HSD test (P<0.05) 
Biofumigant species 1 day 4 days 8 days
Control 84.2 ± 6.5 91.2 ± 3.2 a 114.2 ± 5.8 a
Lepidium sativum 85.0 ± 4.1 95.0 ± 5.8 a 100.7 ± 1.2 b
Diplotaxis erucoides 75.7 ± 3.7 72.7 ± 2.2 b 71.0 ± 1.5 c
 
 
The ability of P. cinnamomi to infect susceptible oak roots in the field does not 
depend on its saprophytic mycelial growth, but on the ability of their soilborne 
chlamydospores to germinate and produce infective zoospores (Erwin & Ribeiro, 1996; 
Sánchez et al., 2010). However, our results showed that the in vitro inhibition of the 
mycelial growth could be considered as a suitable method for a first screening of 
potentially biofumigant plant species prior to carry out soil experiments. 
Based on the inhibition of the mycelial growth of P. cinnamomi, our results suggest 
that plants containing high levels of the aliphatic GSL Sinigrin could be considered as 
highly effective against the pathogen due to the fungicidal action of the volatiles 
released when this particular GSL is hydrolysed. Soil experiments corroborate D. 
erucoides, belonging to such that group of biofumigants with high Sinigrin content, as 
more effective against the resting spores of P. cinnamomi than L. sativum, containing 
aromatic GSLs and belonging to the group with fungistatic action. 
Results obtained in soil also suggest than biofumigation should be considered as an 
useful tool for integrated control of oak root rot disease in rangeland ecosystems, while 
their effectiveness against resting spores of the pathogen seems to be not extremely 
high, at least for the plants tested. 
Further research is needed to find more effective biofumigants before testing 
biofumigation in field conditions, alone or in combination with other environmental 
friendly control tools. 
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